Partial regions of the mRNA encoding a major part of translation elongation factor 2 (EF-2) from a mitochondrionlacking protozoan, Giardia lamblia, were amplified by polymerase chain reaction, and their primary structures were analyzed. The deduced amino acid sequence was aligned with other eukaryotic and archaebacterial EF-2's, and the phylogenetic relationships among eukaryotes were inferred by the maximum likelihood (ML) and the maximum parsimony (MP) methods. The ML analyses using six different stochastic models of amino acid substitutions and the MP analysis consistently suggest that among eukaryotic species being analyzed, G. lamblia is likely to have diverged from other higher eukaryotes on the early phase of eukaryotic evolution.
Introduction
There are more than a thousand species of protozoa and a few fungi that have no mitochondrion, although they are eukaryotes. Phylogenetic placing of mitochondrion-lacking protozoa is crucial in clarifying the early evolution of eukaryotes.
Some of these protozoa may be living relics of the earlist phase of eukaryotic evolution before the symbiotic origin of mitochondria, while the others may have secondarily lost mitochondria due to their parasitic lifestyle (Cavalier-Smith 1987 , 1989 . On the basis of the sequence comparisons of small subunit ribosomal RNA ( SrRNA ), Sogin ( 199 1) , Sogin et al. ( 1989a Sogin et al. ( , 1989b , and Leipe et al. ( 1993) proposed a eukaryotic tree including mitochondrion-lacking protozoa. According to the up-to-date SrRNA tree by Leipe et al. ( 1993) ) among mitochondrion-lacking protozoa, of the effect of the bias in inferring evolutionary tree, the SrRNA tree may sometimes be unreliable (Hasegawa and Hashimoto 1993) . From a protein phylogeny of translation elongation factor 1 a ( EF-1 a), we previously suggested that as well as G. lamblia, E. histolytica also represents an outgroup to E. gracilis and higher eukaryotes in disagreement with the widely accepted SrRNA tree (Hasegawa et al. 1993; Hashimoto et al. 1994 ). In addition, we clearly demonstrated that amino acid compositions of conservative proteins are free from the drastic bias of genome G+C content and that a protein phylogeny will give a more robust estimation of the early divergence of eukaryotes (Hasegawa et al. 1992a; Hashimoto et al. 1992 Hashimoto et al. , 1994 Shirakura et al. 1994 ). Hence, it seems better to infer an evolutionary tree from the amino acid sequences of conservative proteins, such as translation elongation factors, RNA polymerases, and ATPases, rather than from SrRNA sequences. Reexamination of the place of mitochondrion-lacking protozoa by using these conservative proteins is highly desirable.
Recently we have reported a major part of the amino acid sequence of translation elongation factor 2 ( EF-2 ) from a mitochondrion-lacking protozoan, E. histolytica. According to the phylogenetic analyses on the basis of the ML method, the divergence of E. histolytica was likely to be earlier than those of the other higher eukaryotic species ( Shirakura et al. 1994 ). Here we also report a major part of EF-2 from the other mitochondrion-lacking protozoan, G. Zamblia, and further analyze the phylogenetic relationships among eukaryotes. Our ML analyses using six different stochastic models of amino acid substitutions and an MP analysis consistently suggest that G. lamblia is the earliest offshoot of the EF-2 tree among eukaryotic species being analyzed.
Giardia lamblia, classified to the order Diplomonadida (see Cavalier-Smith 1993) ) is a single-celled parasite which infects the intestine of humans and other mammals and may cause diarrhea. It has a number of unique metabolic features, including a predominantly anaerobic metabolism, complete dependence on salvage of exogenous nucleotides, a limited ability to synthesize and degrade carbohydrates and lipids (see Adam 199 1) . Furthermore, it has two nuclei that are haploid by all criteria having been tested (Kabnick and Peattie 1990, 199 1) . EF-2, the homologue of eubacterial elongation factor G (EF-G), catalyzes the GTP-hydrolysis dependent translocation of peptidyl-tRNA from the aminoacyl site to the peptidyl site on the ribosome and is essential for protein synthesis in all organisms. EF-2 /EF-G is a useful protein for tracing the early evolution of life, because of its universal occurrence in all living organisms on earth and because of its relatively slow evolutionary rate (Iwabe et al. 1989; Miyata et al. 199 1) .
Material and Methods

Nucleotide Sequence Analysis
Giardia lamblia Polish strain was maintained in culture at 37°C in Diamond's medium TYI-S-33 (Keister 1983) supplemented with 10% newborn calf serum, bovine bile (0.5 mg ml -' ) , and L-cystein ( 2 mg ml -' ) . Trophozoites adherent to the inner surface of the culture bottles ( 1 X 10 6 ml -I ) were harvested at 3,000 X g for 10 min after cooling the culture on ice for 10 min. Extraction of total and poly (A)+ RNAs was performed by standard techniques (Sambrook et al. 1989) . Poly (A)+ RNA was treated with Murine reverse transcriptase ( Pharmacia LKB ) , and the resultant RNA:cDNA duplex was used as a template for polymerase chain reaction (PCR) using Taq polymerase ( Perkin-Elmer Cetus) .
Cycling conditions were 95°C (1 min), 55°C (2 min), 72°C (5 min) for 30 cycles. Primers for PCR amplifications described in the legend of figure 1 were synthesized on the Applied Biosystems model 38 1 A DNA Synthesizer.
Amplified fragments were purified and ligated with the plasmid, pUC 18, digested with Sma I. Escherichia coli strain JM 109 was transformed by the plasmid using the method of Hanahan ( 1983) . Plasmid DNA was prepared by the alkaline method (Sambrook et al. 1989) . For sequencing the PCR amplified and then the cloned fragments, more than three independent clones were sequenced with both strands using double-stranded dideoxy sequencing method (Sambrook et al. 1989 , Sequenase ver. 2, USB).
Southern Blot Analysis
Chromosomal DNA of G. lamblia was isolated by standard techniques ( Sambrook et al. 1989) . Five ug of the DNA was digested with restriction endonucleases. The resultant fragments were separated by electrophoresis on a 1 .O% agarose gel, transferred onto nylon membrane (Hybond-N, Amersham), and fixed by UV stratalinker (Funakoshi Co.) . The plasmid containing the PCR amplified 1.3 kb product (fragment II in fig. 1 ) was digested with restriction endonucleases Eco RI and Pst I, and the fragment was 32P-labeled by the Ramdom
Primer Extension
Labeling System ( DuPont / NEN) . The labeled product was purified by NENSORBTM 20 (DuPont /NEN), and used as a probe. Hybridization with the 32P-labeled probe was carried out at 60°C overnight in a buffer containing 6 X SSC, 5 X Denhardt's solution, 0.5% SDS, and 50 ug/ml denatured salmon sperm DNA (Sambrook et al. 1989 ).
Phylogenetic
Analyses EF-2 sequences from seven eukaryotes and three archaebacteria in addition to that from G. lamblia were used for phylogenetic analyses. Species were at first classified into following seven lineages: ( 1) AnimaliaHomo sapiens (Rapp et al. 1989) ) Drosophila melanogaster (Grinblat et al. 1989) ) Caenorhabditis elegans (Ofulue and Candid0 199 1) ; ( 2) Fungi- (Perentesis et al. 1992) ; (3) green algae-Chlorella kessleri ( Schnelbogl and Tanner 199 1) ; (4) Dictyostelium discoideum (Toda et al. 1989 ); (5) Entamoeba histolytica (Shirakura et al. 1994); (6) Giardia lamblia (this work); and ( 7) archaebacteriaSulfolobus acidocaldarius ( Schroder and Klink 199 1) , Methanococcus vannielii ( Lechner et al. 1988) , Halobacterium halobium (Itoh 1989 ) .
Saccharomyces cerevisiae
Pairwise alignments of amino acid sequences were inferred by a maximum likelihood alignment method (Thorne et al. 199 1, 1992) . The method assumes an evolutionary model by allowing multiple-residue insertion and deletion events as well as regional heterogeneity in the substitution process. By an expectation-maximization (EM) algorithm introduced by Thorne and Churchill ( 1995 ) , we can obtain a maximum likelihood alignment with parameter estimates of insertion /deletion and substitution events. All possible pairwise alignments among the above 11 sequences were inferred by the program Statprot (kindly provided by Dr. J. L. Thorne) . On the basis of these results, a multiple alignment was constructed by manually adjusting inconsistencies found among the pair-wise alignments. A total of 945 unrooted tree topologies, corresponding to the above seven lineages, were examined by the ML and the MP methods. We assumed a relationship among the three archaebacterial species as (Sulfolobus, (Halobacterium, Methanococcus)), according to Miyata et al. ( 199 1) . However, a trifurcating tree topology was assumed for the three animals because we could not resolve relationships among the Animalia with statistical significance.
To evaluate the robustness of the ML analyses against the violation of assumed Markov models, six different models of the amino acid substitutions were used: ( 1) the JTT model using recently compiled amino acid substitution tables by Jones et al. ( 1992) (Cao et al. 1994a) ; (2) the JTT-F model ( "F" option of the JTT model) (Cao et al. 19946) ; (3) the Dayhoff model (Kishino et al. 1990 ); (4) the Dayhoff-F model ("F" option of the Dayhoff model) (Cao et al. 1994b ); (5 ) the proportional model (Hasegawa et al. 19923 ); and (6) the Poisson model (Hasegawa et al. 19923) . When the "F" option is introduced, models are reconstructed by using the actual amino acid compositions of the protein under analysis as the equilibrium compositions. The proportional model corresponds to the "F" option of the Poisson model. Standard errors (SEs) of log-likelihood differences were estimated by equation ( 12) in Kishino and Hasegawa ( 1989 ) . Bootstrap probability for tree i, Pi, being the ML tree among the 945 alternatives, was estimated by the RELL method (Kishino et al. 1990; Hasegawa and Kishino 1994) . The goodness of approximation for different models was compared by the Akaike Information Criterion ( AIC), defined as AIC = -2 X (log-likelihood) + 2 X (no. of free parameters). The model that minimizes AIC is considered to be the most appropriate (see Sakamoto et al. 1986 ). All computations for the ML analyses were performed by the program PROTML in MOLPHY ver. 2.2 (Adachi and Hasegawa 1994).
The maximum parsimony analysis based on Felsenstein' s program, PROTPARS in PHYLIP version 3.2 was also applied for the same data set to compare the results presented by the ML analyses. Standard errors of the differences of number of substitutions were estimated by equation ( 26) in Kishino and Hasegawa (1989) .
Results
Nucleotide Sequence Analysis
Sets of PCR primers used, locations of amplified fragments, and a restriction map deduced from the sequencing results are shown schematically in figure 1. First, a pair of degenerate oligonucleotide primers, Al and A2, corresponding to the highly conserved amino acid sequences, GAGELHLE and FPQCVFDHW, respectively (see fig. 2 ), was used, and a 0.8 kb amplified product (fragment I) was cloned into pUC 18. After sequence analysis of the fragment I, another pair that included a degenerate primer, B 1, and a unique primer, B2, was used for further amplification of the upstream region. The degenerate primer, Bl, corresponded to the conserved amino acid sequence, GVCVQTETV (see fig.  2 ), and the unique primer, B2, was synthesized complementarily to the 3' portion of the primer, Al, the nucleotide sequence of which had already been determined. An amplified product (fragment II) showed 1.3 kb, and was cloned into pUC 18 for sequence analysis. Similarly, the final amplification was performed by using a degenerate primer, Cl, corresponding tc NMSVIAHVD (see fig. 2 ), and a unique primer, C2: complementary to the 3 ' portion of the primer, B 1. This yielded a 0.5 kb product ( fragment III), and it was cloned and sequenced.
By sequence analyses of the fragments, I, II, and III, 775, 1,279, and 475 bases, respectively, were determined. A total of 2,457 bases, excluding overlapped regions between the fragments I and II and between the fragments II and III revealed an uninterrupted reading frame, corresponding to the 8 19 amino acid sequence that was highly similar to a major part of the eukaryotic EF-2. Thus, the frame was identified as a part of the Giardia lamblia EF-2 mRNA. The G+C content of all the 2,457 bases and of the third codon positions showed 56.9% and 74.6%, respectively. The high G+C conteni in the third codon positions resulted in biased codon usage preferring G and C (data not shown), but the bias was not so great in comparison with the codon usage pattern of the previously characterized EF-1 a coding region of G. Zamblia. The G+C content of the third codon positions of G. Zamblia EF-la was 99.5% (Hashimotc et al. 1994) .
To make sure that the EF-2 sequence obtained by the PCR method really originated from G. Zamblia and Phylogenetic Place of Giardia 785 to estimate a copy number of EF-2 gene, Southern blot analysis of genomic DNA was performed. The analysis using the 1.3 kb probe containing the fragment II shown in figure 1 clearly suggested that there is only one copy of the gene for EF-2 in the G. Zamblia genome (data not shown ) .
Protein Sequence Comparisons
The predicted amino acid sequence excluding both the N-and C-terminal regions of G. lamblia EF-2 was aligned with the other seven eukaryotic and three archaebacterial EF-2's. Alignment is shown in figure 2 . The seven eukaryotic sequences were closely related, and an unambiguous alignment was obtained among them. both of which occurred in the alignment among eukaryotic EF-2s, were also necessary to align these sequences with the archaebacterial ones. With the exceptions of the above wide gap regions, eukaryotic and archaebacterial EF-2s demonstrated a high degree of conservation.
On the basis of the alignment, 530 sites unambiguously aligned were selected and used for analyzing phylogenetic relationships among eukaryotes. Regions selected are indicated by aligned positions as follows: 32-83, 135-229, 255-273, 35 l-364, 394-451,472-485, 507-536, 574-607,611-630,641-657, 679-694, 696-700, 702-709, 7 19-728, 749-858 , and 864-89 1.
Phylogenetic Analyses
Phylogenetic relationships among six eukaryotic lineages, G. lamblia, Entamoeba histolytica, D. discoideum, Chlorella kessleri, Saccharomyces cerevisiae, and Animalia, were analyzed by using archaebacteria as an outgroup. The ML methods based on the JTT, the JTT-F, the Dayhoff, the Dayhoff-F, the proportional, and the Poisson models and the MP method were examined for a total of 945 possible tree topologies. On the basis of the results of an ML analysis using the JTT-F model, we selected 13 alternative trees as candidates for a real tree, because the JTT-F model best approximated the data. These are an ML tree and 12 alternatives which could not be significantly discriminated from the ML tree by the criterion of 1 SE of log-likelihood differences. Table 1 only summarizes the results of the JTT-F model and of the MP analysis for these 13 trees. The ML analyses, assuming six different models of amino acid substitutions, consistently gave an ML tree (tree-1)) in which G. Zamblia represents the earliest offshoot among eukaryotes and in which C. kessleri and D. discoideum, respectively, represent the second and the third earliest offshoots next to G. lamblia. The AICs of the ML trees showed 16450.9, 164 14.5, 16642.6, 16507.6, 17494.4, and 17992.9 for the JTT, the JTT-F, the Dayhoff, the Dayhoff-F, the proportional, and the Poisson models, respectively. Comparison of these values clearly indicates that the JTT-F model is by far the best among the alternative models used in the ML analyses. On the other hand, being inconsistent with the ML analyses, the MP analysis showed tree-5 as the MP tree, in which G. Zamblia represents the earliest offshoot, and E. histolytica and D. discoideum, respectively, represent the second and the third earliest offshoots next to G. Zamblia, although the difference of substitution numbers of the tree-1 (ML tree) from the MP tree (tree-5 ) was only 5 f 9.1.
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-6.4 + 14.9 0.1057 +2 + 4.9 0.0707 4. (G,((Dd,Ck) , (E,(S,A)))) . . . . . . . . . . . . . . . . . . . . b Ali is the difference of log-likelihood of tree-i from that of the ML tree (tree-l), and f is 1 SE. c Bootstrap probability estimated by lo4 replications.
d Ai is the difference of number of substitutions of tree-i from that of the MP tree (tree-5) and + is 1 SE.
' Log-likelihood of the ML tree. ' Number of substitutions of the MP tree.
showed 0.7336 and 0.7306 in the JTT-F model and the MP analysis, respectively, whereas those linking Animalia with C. kessleri showed lower values, 0.1429 and 0.0450, respectively. Among Animalia, S. cerevisiae (Fungi), and C. kessleri (green algae), the linking of Animalia with S. cerevisiae is more likely than the other links.
The ML analyses of the other five models also gave consistent results, although the values of total bootstrap probabilities are slightly different among alternative models. On the basis of the phylogenetic analyses as described above, a eukaryotic tree of EF-2 was inferred by the ML method using the JTT-F model and is shown in figure 3 . Ambiguous branching orders were represented by a multifurcation. Table 3 represents the estimated number of amino acid substitutions along each branch in the ML tree with its 1 SE.
Discussion
Features of Eukaryotic EF-2
The N-terminal quarters of the eukaryotic and archaebacterial EF-2' s and eubacterial EF-G' s can be aligned with the corresponding N-terminal regions of EF-1 a' s and their eubacterial homologues, elongation factor Tu' s (EF-Tu' s), because these two types of proteins might have evolved by a gene duplication event that occurred prior to the divergence of the three primary kingdoms of life (Iwabe et al., 1989; Miyata et al., 199 1) . About 200 amino acid residues of the N-terminal portion of these elongation factors contain highly conservative motifs commonly found in the GTPase superfamily (Kohno et al. 1986; Bourne et al. 199 1) . Regions, Gl through G4, defined by Bourne et al. ( 199 1) are shown in figure 2. Three-dimensional structures of Escherichia coli EF-Tu and mammalian p2 1 ras have shown that these segments are critical in GDP/GTP exchange, GTP-in- and Reed 199 1) is very low ( 38.3%), whereas that of G.
Entamoeba histolytica
lamblia (Sogin et al. 19893) is extremely high (74.7%).
Obviously the base compositions of SrRNA seem to be affected by the genome base compositions of the species. Figure 4A affected by the mutational GC (AT) pressure operating duced conformational change, and GTP hydrolysis (see Bourne et al. 199 1) . Putative GTP binding domain of Giardia lamblia EF-2 including these four regions shows high similarity to both the other eukaryotic and the archaebacterial EF-2's, although the 35 residue insertion that contains many lysine residues is specific only to G.
lamblia fig. 2 ) .
Ca *+ / calmodulin-dependent protein kinase III ( Price et al. 199 1) . All of these modification sites are entirely conserved in the G. lamblia EF-2, indicating that the G. lamblia EF-2 has a common eukaryotic feature. In the Dictvostelium EF-2, however, both of the two phosMammalian EF-2 has been shown so far to undergo three types of posttranslational modification, all of which result in inhibition of translational elongation. These are ADP-ribosylation of histidine-7 15 by diphtheria toxin (Van Ness et al. 1980; Nilsson and Nygard 1985; Kohno et al. 1986 ), oxidation of tryptophan-22 1 by Nbromosuccinimide (NBS) (Guillot et al. 1993a, 19933) , and phosphorylation of threonine residues 57 and 59 by in genome DNA. However, at the first and the second codon positions in figure 4A , the biases of base com- Table 3 positions are not so great. Especially in the second position, the compositions of each base of all four species are within error bars. Because a base substitution at the
Estimated Number of Amino Acid Substitutions per Site
second position tends to result in an amino acid substitution to a physicochemically different amino acid, the along Each Branch of the Tree in Figure 3 position may be very conservative among species. It is consistent with amino acid composition data shown in figure 4B . The amino acid compositions of the 530 sites of EF-2 from four species do not differ significantly from each other. These results clearly indicate that the amino acid composition of EF-2 is free from the drastic bias of genome base composition, and that the EF-2 phylogeny would give a robust estimation for the early divergence of eukaryotes.
It has been suggested also for EF-1 a phorylation sites are replaced by methionine at position 59 and by cysteine at position 6 1 ( fig. 2) for 530 sites of EF-2, and compositions of bases for 9 18 sites of SrRNA (C) from four eukaryotic species, Giardia lamblia, Entamoeba histolytica, Dictyostelium discoideum, and Chlorella kessleri. In panel A, the composition for each codon position, first, second, and third, was calculated from 530 aligned amino acid sites used in the phylogenetic analyses. On the basis of the 44-nomial distribution, standard error (SE) of the averaged composition among four species was calculated, and 2 SE was shown by an error bar for each base. For details, see the work of Hasegawa and Kishino (1989) . In panel B, the composition for each amino acid was calculated from 530 sites. Amino acids represented by one letter code are shown in the abscissa in the order of normalized compositions by Jones et al. ( 1992) . The SE of the averaged composition was calculated on the basis of the 204-nomial distribution, and 2 SE was shown by an error bar. In panel C, an alignment of the SrRNA was constructed for three archaebacteria and more than 20 species of eukaryotes, including the four species represented in this figure. Unambiguously aligned 9 18 sites were selected and used to calculate the base composition and the SE of averaged composition. (Hasegawa et al. 1992a; Hashimoto et al. 1994) ) for the largest subunit of RNA polymerase III (Hashimoto et al. 1992) , and for mitochondrially encoded proteins (Adachi and Hasegawa 1992; Adachi et al. 1993 ) that amino acid compositions are relatively free of the biased base compositions of genome DNA.
In contrast, figure 4C represents the base composition of 9 18 SrRNA sites. Almost all the 918 selected sites would have been used in the widely accepted universal tree of SrRNA. The base compositions of SrRNA are significantly different among four species. The bias is very great, especially in G. lamblia.
Phylogenetic Relationships among Eukaryotes
The ML methods on the basis of six different stochastic models of amino acid substitutions and the MP method consistently suggested that G. lamblia shows the earliest offshoot of EF-2 tree among the eukaryotic lineages being analyzed. It is consistent with the results of the EF-1 a phylogenies recently performed by our group and by Baldauf and Palmer ( 1993 ) . In our previous EF-2 analyses based on the data set without G. lamblia EF-2, E. histolytica have shown to diverge earlier than other eukaryotes with about 80% bootstrap support (Shirakura et al. 1994) . However, in our present analyses based on a slightly different alignment including G. lamblia EF-2, the divergence of E. histolytica next to G. Zamblia was not entirely conclusive. We could not deny the possibility that C. kessleri or D. discoideum branches off next to G. lamblia (tables 1 and 2). Since C. kessleri belongs to unicellular green algae which possess chloroplasts and mitochondria, it should be regarded as a lower plant. Unfortunately, there are no EF-2 data from higher plants. If the data from higher plants were added to the present data set, the placings of E. histolytica, C. kessleri, and D. discoideum might become more clear. We have previously shown by ML analyses of EF-la that Animalia are highly likely to be closer to Fungi than to Plantae (Hasegawa et al. 1993 ) . Total of the bootstrap probabilities for the 15 EF-la trees linking Fungi with Animalia amounted to greater than 0.9, when E. histolytica and archaebacteria were used as outgroups. A consistent conclusion favoring the linking of Saccharomyces cerevisiae with Animalia has also been shown in the present EF-2 analyses, although the total values of bootstrap probabilities were slightly lower than those of the EF-la analyses. Recently, Baldauf and Palmer ( 1993) concluded from MP analyses of actin, a-tubulin, P-tubulin, and EF-1 a that Animalia and Fungi are each other' s closest relatives. Furthermore, Nikoh et al. ( 1994) recently analyzed 23 different proteins by ML, MP, and neighbor-joining methods and reached the same conclusion by totally evaluating the sum of log-likelihoods in the ML analyses, In spite of Phylogenetic Place of Giardia 79 1 some exceptions, such as a phylogeny of the largest subunit of DNA dependent RNA polymerase II in which Animalia has been shown to be closer to Plantae (Sidow and Thomas 1994) , an overall evaluation on the basis of many proteins confirms us that a close relationship between Animalia and Fungi is very robust. Although there are several uncertainties in the tree shown in figure  3 and in the results of analyses shown in tables 1 and 2, the placing of G. Zamblia as the earliest offshoot and the linking of Animalia with 5'. cerevisiae are likely by the present analyses.
Since the sequence data of EF-2 from other protozoa, such as Trypanosoma, Euglena, Plasmodium, and Tetrahymena, have not yet been reported, the results derived from the present EF-2 analyses may not always be comparable to those on the basis of SrRNA and EF-la. There still remain many problems on the phylogenetic placing of protozoa including mitochondrionlacking species. Further sequence data of the genes encoding conservative proteins, such as elongation factors, RNA polymerases, and ATPases, from several protozoa would be highly desirable to understand the early evolution of eukaryotic cells.
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